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For controlling organophilic partition nanophase (OPN) formation in some commercial sorptive
organobentonites (OBs), 4 sample were selected randomly and examined by X-ray diﬀraction (XRD),
Fourier transform infrared (FTIR) spectroscopy, diﬀerential thermal analysis (DTA), thermal gravimetric
analysis (TGA), element analysis (EA), and nitrogen adsorption/desorption (N2 -AD) techniques. Since
the d(001) values of the OB samples are between 1.94 and 3.36 nm, the pseudotrilayer or paraﬃn-type
alkylammonium conﬁguration located between the 2:1 layers of smectites is dominant. The bending and
stretching type FTIR bands of the smectite surface and alkylammonium cations (AACs) are evidence of
the formation of the OPN in the OBs. The DTA and TGA curves show that the thermal degradation of
the intercalated AACs is completed between 250 and 550 ◦ C as H2 O, CO2 , and charcoal are formed. The
number of C atoms in the AACs used during the preparation of the OBs is between 30 and 42, according
to EA. Oxidation of charcoal to CO2 takes place between 550 and 800 ◦ C. In the same temperature
range, smectite is dehydroxylated to release H2 O. Decrystallization of smectite occurs near 1000 ◦ C by
an exothermic reaction and without any mass loss. It was observed that the intercalated AACs are
ﬂameproof at all temperature ranges applied. The shapes of the N2 adsorption and desorption isotherms
show that the OBs are mesoporous solids. The speciﬁc surface area (S) and speciﬁc mesopore volume
(V) for each OB were determined by using the adsorption and desorption isotherms, respectively. The S
and V values range between 33 and 50 m2 g−1 , and 0.095 and 0.191 cm3 g−1 , respectively. These values
are virtually the same as those of natural bentonites. Since the S and V values do not approach zero,
OPN formation in the commercial samples is far from completion.
Key Words: Infrared spectra, organobentonites, porosity, surface area, thermal analysis, X-ray diﬀraction.

Introduction
Bentonites and their major clay mineral, smectites, are known to be eﬃcient gellants for water systems, but
they do not gel eﬀectively in organic liquids.1−3 It has been observed that a bentonite with high swelling
properties in water showed a tendency to swell in various organic liquids after reacting with some organic
ammonium salts.4,5
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An organophilic clay obtained by the exchange of interlayer inorganic cations with organic cations
is called an organobentonite (OB).6−8 An OB may be also be called an organoclay, organosmectite, or
organomontmorillonite. In the present study the term OB was preferred. Natural exchangeable metal
cations, such as Na+ and Ca2+ , located between the 2:1 layers of smectite, are released into solution by
the formation of OBs. The intercalated organic cations act as pillars to hold the 2:1 layers permanently
apart.9−13
Several investigations have been conducted since OBs were ﬁrst prepared.4 The surface properties of
bentonites were modiﬁed greatly by replacing natural inorganic exchangeable metal cations with larger alkylammonium, alkyldiammonium, and quaternary ammonium cations of the forms [CH3 (CH2 )n NH3 ]+ , [NH3
(CH2 )n NH3 ]2+ , and [(CH3 )3 NR]+ or [(CH3 )2 NRR’]+, respectively.14−18 Here, R and R’ are non-polar
alkyl groups with more than 12 C atoms. They may also contain aromatic rings. If R and R’ are small, with
less than 12 C atoms, such as CH3 -, CH3 -(CH2 )10 −, or simply phenyl groups, such materials are classiﬁed as
adsorptive OBs. When they are large, with 12 or more C atoms, such materials are classiﬁed as organophilic
or sorptive OBs. Large cations, such as hexadecyltrimethylammonium, dodecyltrimethylammonium, and
octadecyltrimethylammonium, are generally used in the production of sorptive OBs.19−21 The large alkyl
groups of these cations form a continuum of the organophilic partition nanophase (OPN) in the interlayers
of smectites.22 This OPN functions as a partition medium for non-polar organic compounds and is highly effective in removing such organic compounds from waste water.23,24 The sorption process of the OPN appears
mechanistically similar to the dissolution of neutral organic compounds in a bulk organic-solvent phase, such
as hexane or octane.25−27 Several studies have been carried out on the sorption of alkanes, aliphatic alcohols,
herbicides, insecticides, fungicides, and many other organic pollutants on sorptive organobentonites.28−32
The interlayer of a natural smectite continuously opens up with the progress of OPN formation,
depending on the size and orientation of the intercalated alkylammonium cations (AACs). This phenomenon
was examined by X-ray diﬀraction (XRD), Fourier transform infrared spectroscopy (FTIR), diﬀerential
thermal analysis (DTA), thermal gravimetric analysis (TGA), and nitrogen adsorption/desorption techniques
(N2 -AD).33−38 The change in adsorptive properties, including speciﬁc surface area (S) and speciﬁc micromesopore volume (V), of a bentonite by intercalation can be determined by N2 -AD. Nitrogen adsorption
data have the potential to be employed in identifying OPN formation. It has been known for a long time
that AACs do not only occupy the 2:1 interlayers, but also the edges, which means a partial closure of the
pore openings.39,40 Therefore, the S and V values decrease as OPN formation progresses, and reaches zero
when the formation is complete. Based on this fact, XRD, FTIR, DTA, and TG studies can be supported
by the measurement of S and V values in determining the progress of OPN formation. The purpose of the
present study was to examine some commercial sorptive OBs based on the progression of OPN formation.

Materials and Methods
The study used 4 randomly selected commercial sorptive OBs. The ﬁrst 3, Bentone SD-1, Bentone SD-2, and
Bentone 34, were supplied by Rehox (Bayer Chemie, BASF), and the fourth, Viscobent SB-1, is produced
by Bensan (Enez, Turkey). They are generally used as rheological additives. The XRD patterns of the
organobentonites were obtained from random mounts using a Rikagu D-Max 2200 powder diﬀractometer
with CuKα radiation and a Ni ﬁlter. The FTIR spectra of the samples were determined with a Mattson
1000 FTIR spectrophotometer in the wavenumber interval, 400-4000 cm−1 , using the KBr disk procedure.
The DTA and TGA curves of the samples were determined with a Netzch Model 429 instrument at a heating
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rate of 10 K min−1 and α-Al2 O3 was used as the inert reference. The carbon and nitrogen contents of the air
dried OBs were determined with an element-analyzer (LECO CHNS 932). The isotherms of the adsorption
and desorption of nitrogen in the samples at liquid nitrogen temperature were determined by a volumetric
adsorption instrument. The instrument was connected to strong vacuum made of Pyrex glass.41

Results and Discussion
Basal spacings
The XRD patterns of the organobentonites are given in Figure 1. Basal spacing, d(001), represents the 2:1
(TOT) layer thickness of smectites. The d(001) values of the sodium smectite (NaS) and calcium smectite
(CaS) are approximately 1.20 nm and 1.55 nm, respectively. OBs have been generally prepared using natural
NaS. The basal spacings of the investigated OBs are represented in Figure 1. The d(001) values scattered
around 1.00 nm are considered evidence of illite impurities in the natural smectites used for the preparation
of the OBs. Anhydrous smectites also have the same basal spacing. The d(001) values between 1.20 and
1.40 nm are due to the monolayer alkylammonium conﬁguration in the interlayer space of the expanding 2:1
layers. The d(001) values between 1.40 and 1.80 nm are due to the bilayer alkylammonium conﬁguration in
the 2:1 layers. The d(001) values > 1.80 nm are due to the pseudotrilayer or paraﬃn-type alkylammonium
conﬁgurations in the 2:1 layers.26 The intensities of the 001 peaks show that the dominant conﬁguration is
the pseudotrilayer or paraﬃn-type.

Figure 1. XRD patterns of the OBs.

FTIR spectra
Figure 2 shows the FTIR spectra of the OBs. The bands of the spectra at the lower wavenumber region
are due to the bending vibrations, whereas those at the high wavenumber region are due to the stretching
vibrations of the bonds.42−46 The positions and assignments of the bands are given in Figure 2. The
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bands near 470, 524, and 1036 cm−1 are assigned to the Si-O-Si, Al-O-Si, and Si-O bending vibrations,
respectively.47 The bands at 1634 and 3632 cm−1 are assigned to the hydroxyl bending vibrations of water
and stretching vibration of the structural hydroxyl group of smectites, respectively. The bands at 1452 cm−1
correspond to the bending vibration of the C-H bonds found in all of the AACs. The bands near 2850 and
2960 cm−1 are characteristic of the stretching vibrations of the C-H bonds in the intercalated AACs. The
band at 3365 cm−1 belongs to the stretching vibration of the H-OH bonds located in water molecule cations.
In addition to the structural smectite bands, the bands belonging to the AACs are evidence of the formation
of OBs.

SD-1

SD-2

Transmittance

B-34

4000

3000

(Al-O-Si) 524
(Si-O-Si) 470

(Si-O) 1036

(H-OH) 1634
(C-H) 1452

(C-H) 2960
(C-H) 2850

(O-H) 3632
(H-OH) 3365

SB-1

2000
1000 500
-1
Wavenumbers/cm

Figure 2. FTIR spectra of the OBs.

Thermal analysis
Thermal analysis, in combination with other methods, such as X-ray diﬀraction and IR spectroscopy, is
suitable for the characterization of OBs.48−51 The DTA and TGA curves of the OBs are given in Figure 3
and Figure 4, respectively, for the temperature range 25-1100 ◦ C. The DTA curves show 3 endothermic and
2 exothermic changes. The maximum rate of temperature change is shown in the TGA curves. All mass
losses and corresponding temperature intervals are represented on the TGA curves seen in Figure 4. The
changes were evaluated in light of the literature,52 as described below.
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Figure 3. DTA curves of the OBs (W: interparticle water; TD: thermal degradation; DP: degradation products;
DH: dehydroxylation; DS: decrystallization of smectite).
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Figure 4. TGA curves of the OBs (W: interparticle water; TD: thermal degradation; DP: degradation products;
DH: dehydroxylation; DS: decrystallization of smectite).
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The ﬁrst endothermic change at 25-250 ◦ C, with a maximum rate at around 230 ◦ C, is due to the
dehydration of interparticle water or adsorbed water (W), known as moisture. The moisture content of the
OBs is seen in the TGA curves between 0.8% and 2.2% by mass. The ﬁrst exothermic change at 250-550
C, with a maximum rate at around 310 ◦ C, is assigned to the thermal degradation (TD) of intercalated
AACs to H2 O, CO2 , and charcoal. The mass loss due to TD ranges between 13% and 19%, depending on
the OBs. The second endothermic change at 550-800 ◦ C, with a maximum rate at around 650 ◦ C, is due
◦

to the oxidation of the remaining charcoal and dehydroxylation (DH) of smectites. The mass losses due to
this stage range between 1.7% and 2.0%. The second exothermic change, without mass loss between 950
and 1100 ◦ C, is due to the decrystallization of smectites (DS). The total mass loss in SD-1, SD-2, B-34, and
SB-1 by heating up to 1100 ◦ C was 21.5%, 16.9%, 18.3%, and 20.4%, respectively.

Element analysis
The percentage of C and N by mass, as well as the molar ratio of C/N of the OBs are given in the Table.
Because there is only one N atom in the AACs, the molar C/N ratio also gives the number of C atoms in
such cations. The AACs used for the preparation of the sorptive OBs are generally tetraalkylammonium
(quaternary) cations with the formula [R1 R2 R3 R4 N]+ , where Rs are the alkyl groups. These groups may
be the same or diﬀerent. The interlayer space of the OBs increases as the number of C atoms in the R
groups increases. For our samples, the change in basal spacing, as a function of the number of C atoms, is
given in Figure 5. In addition to the number of C atoms, the change in the d(001) value is dependent on
the size and orientation of the R group. For this reason, the d(001) value displays a sudden jump when the
number of C atoms increases from 35 to 36.

3.40

d(001)/nm

3.00
2.60
2.20
1.98
1.94
1.90

28

30

32

34
36
C/N

38

40

42

Figure 5. The change in the basal spacing of the C/N molar ratio.
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Table. Basal spacing, the carbon and nitrogen content (%), C/N molar ratio, speciﬁc surface area, and speciﬁc
mesopore volume of the examined sorptive OBs.

OBs

d(001)/nm

C%

N%

C/N

A/m2 g−1

V/cm3 g−1

Bentone SD-1

3.36

37.23

1.04

42

50

0.095

Bentone SD-2

1.94

29.34

1.15

30

52

0.191

Bentone B-34

2.45

28.88

0.93

36

33

0.102

Viscobent SB-1

1.98

32.52

1.08

35

43

0.120

Adsorptive properties
The nitrogen adsorption and desorption isotherms at the liquid nitrogen temperature for the OBs were
drawn, and a representative plot for the Viscobent SB-1 is shown in Figure 6. Here, p is the adsorption
equilibrium pressure, p◦ is the vapor pressure of bulk liquid nitrogen at the experimental temperature, p/p◦
≡ x is the normalized adsorption equilibrium pressure, and n is the adsorption capacity deﬁned as the
molar amount of nitrogen adsorbed by 1 g of adsorbent at any x. According to the Brunauer classiﬁcation,
these isotherms are similar to type II53 . The shapes of the isotherms indicate that the OBs mainly have
mesopores with a radius between 1 and 25 nm. The micropores with a radius < 1 nm in the OBs are
negligible compared to the mesopores. After completion of monomolecular and multi-molecular adsorption
up to x = 0.35, capillary condensation begins and mesopores reach x = 0.96. Bulk liquid nitrogen forms at x
= 1.54 Capillary condensed nitrogen in mesopores, due to adsorption, also undergoes capillary evaporation by
desorption at the interval 0.96 > x > 0.35. The desorption isotherm does not overlap with the corresponding
adsorption isotherm at the interval 0.35 > x > 0. This shows that the multi-molecular and monomolecular
adsorptions are not exactly reversible. The irreversibility is due to the hindrance of the diﬀusion of desorbed
nitrogen molecules from the partition phase located in the interlayer of smectite.

Figure 6. The adsorption-desorption isotherms and BET plot of OBs SB-1.
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The speciﬁc surface areas (S/m2 g−1 ) were obtained by the well-known standard Brunauer, Emmett,
and Teller (BET) procedure, using adsorption data at the interval 0.05 < x < 0.35.55−58 A representative
BET plot for Viscobent SB-1 is seen in Figure 6. The S values are given in the Table. The adsorption
capacities, as liquid nitrogen volumes estimated from desorption isotherms at x = 0.96, are taken as the
speciﬁc micro-mesopore volumes (V/cm3 g−1 ) of the powders.58 The V values are given in the Table. The S
and V values of the natural bentonites, depending on their geological formation, mineralogy, and chemical
composition, are between 20 and 80 m2 g−1 and 0.08-0.30 cm3 g−1 , respectively. The S and V values of the
investigated OBs are not far from those of natural bentonites. This is evidence of the partial formation of
OPN in the OBs.

Conclusion
In addition to XRD, FTIR, DTA, TGA, and EA ﬁndings, low temperature adsorption/desorption data were
used to comment on the type and progress of OB formation. Increases in the surface area and porosity of the
OBs indicate that new micro- and mesopores are formed. Conversely, decreases in these properties signal the
closing of those pores. This behavior is attributed to the OPN and sorptive OB formation. Furthermore, a
sharp decrease in the surface area and porosity shows the complete formation of the OPN in the OBs. Low
temperature N2 adsorption data were shown to be useful in determining and discussing the S and V values.
Based on this result, determining if OPN has partially or completely formed should include the evaluation
of low temperature adsorption results.
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